There has been growing interest in the mechanical behaviour of skin due to the rapid development of microneedle devices for drug delivery applications into skin. However, most in vitro experimentation studies that are used to evaluate microneedle performance do not consider the biomechanical properties of skin or that of the subcutaneous layers. In this study, a representative experimental model of skin was developed which was comprised of subcutaneous and muscle mimics. Neonatal porcine skin from the abdominal and back regions was used, with gelatine gels of differing water content (67, 80, 88 and 96%) to represent the subcutaneous tissue, and a type of ballistic gelatine, Perma-Gel®, as a muscle mimic. Dynamic nanoindentation was used to characterize the mechanical properties of each of these layers. A custom-developed impact test rig was used to apply dense polymethylmethacrylate (PMMA) microneedles to the skin models in a controlled and repeatable way with quantification of the insertion force and velocity. Image analysis methods were used to measure penetration depth and area of the breach caused by microneedle penetration following staining and optical imaging. The nanoindentation tests demonstrated that the tissue mimics matched expected values for subcutaneous and muscle tissue, and that the compliance of the subcutaneous mimics increased linearly with water content. The abdominal skin was thinner and less stiff as compared to back skin. The maximum force decreased with gel water content in the abdominal skin but not in the back skin. Overall, larger and deeper perforations were found in the skin models with increasing water content. These data demonstrate the importance of subcutaneous tissue on microneedle performance and the need for representative skin models in microneedle technology development.
Introduction
Skin is a complex organ made up of the epidermis, dermis and hypodermis with the intrinsic function of protecting the body from physical and environmental assaults [1] . Skin exhibits complex mechanical behaviour as it is subjected to pre-stress and exhibits anisotropic [2, 3] , non-linear [4] and viscoelastic [5, 6] behaviour. These properties are influenced by elastin, proteoglycans, collagen and interstitial fluid [7, 8] and vary with a number of factors including age [9, 10] , anatomical site [11] , and level of hydration [12] . The dermal layer governs the general mechanical behaviour of skin, however, contribution from the uppermost layer of skin, the stratum corneum on the global behaviour of skin is also important. The stratum corneum is the stiffest of the skin's layers and affects strain magnitude and direction in the underlying layers [13] . It also exhibits less viscoelastic behaviour as compared to other layers [14] .
There has been growing interest in the mechanical behaviour of skin due to the development of micro-devices for drug delivery into upper layers of skin [15] . The use of microneedle arrays for transdermal drug application is gaining in popularity in the pharmaceutical industry [16] . This is because it is a painless method of delivering vaccines or therapeutic compounds via skin [17] . One of the benefits of the insertion of numerous sub-millimetre needle projections on a base substrate to skin is that it causes little damage to the stratum corneum [18, 19] in order to access the epidermal layer. Typically, the microneedles are not designed to travel beyond the epidermis to the dermis where nerve endings may be stimulated or blood vessels damaged. Hence, minimal or no pain or bleeding occurs to the patient following application. Despite significant advances in the field of microneedles, the complexity of the mechanical behaviour of skin coupled with the inherent elasticity of the stratum corneum [20] still poses some challenges for microneedle application.
Currently, there are a huge range of different microneedle arrays that have been developed and the needles vary greatly in terms of geometry, material, length and spacing. Hence, for most studies in vitro experimentation is vital for determining microneedle performance for a particular array, for a number of factors, including for regulatory purposes. However, to date the methodology used for testing microneedles on animal skin or human skin explants is both variable and unrepresentative of the mechanical environment of skin in vivo. For example, previous studies have used a filter paper soaked in phosphate buffered saline (PBS) solution supported by cork plates [21] [21], dental wax [22] , clay [23, 24] , soft sponge pad [25] , ten layers of tissue paper [26] and Styrofoam support [27] as underlying substrates of skin. All of these approaches appear to be arbitrary methods of representing skin sub-layers. The role of subcutaneous layers on microneedle performance is important from a biomechanical perspective. However, this area has largely been unexplored and may be important for some medical conditions such as oedema. As such, it may be difficult to reliably predict the response of skin in relation to subcutaneous properties following microneedle application. In this study, we aimed to develop a representative in vitro skin model to determine the response of the skin model following application of dense polymethylmethacrylate (PMMA) microneedle arrays. By altering the physical properties of the skin model, we explore the role of both skin stiffness and subcutaneous layers on microneedle performance. By using a custom impact test setup we were able to quantitatively determine the insertion force and velocity required for successful penetration of the needles in to skin.
Materials and methods
All the chemicals used in this study were obtained from Sigma-Aldrich (Dorset, UK) unless otherwise stated.
In vitro skin model
All experimental testing was conducted using neonatal porcine skin due to its biomechanical properties being similar to human skin [28] and for ease of availability. The in vitro skin model was made up of neonatal porcine skin as the top layer, gelatine gel as the second layer, representing the subcutaneous layer and Perma-Gel® as the lowermost layer representing muscle, as shown in Fig. 1 . The skin model was secured in mechanical clamps prior to testing.
Neonatal porcine tissue
Three fresh suckling pigs (7-10 weeks old) were obtained from a local abattoir. Skin samples from the back and abdomen were dissected within 3-4 h and immediately snap-frozen by placing in super-cooled isopentane. These were subsequently stored at −80°C until required. Prior to testing, the skin tissue was de-thawed for 30 min. Commercial hair removal cream for normal skin (Veet, Reckitt Benckiser Group, Berkshire, UK) was applied to the skin surface for 5 min to remove any hair. The samples were kept hydrated in phosphate buffered saline (PBS) solution during testing.
Gelatine gels
Several factors such as gel preparation, curing duration, cooling and measurement temperatures can influence the elastic and shear moduli of gelatine gels [29] . Hence, each gel concentration was prepared in a consistent manner with the following concentrations: 67, 80, 88, 96% water content by weight. Each gel solution was left to cool for 1 h, before it was cured at 5°C for 4-5 h. All tests were carried out within 2 h.
Perma-Gel®
Perma-Gel®, (Perma-Gel®, Inc., Albany, OR), which is similar to ballistic gelatine, is used as muscle mimic [30] and a general tissue surrogate [31] . An advantage of Perma-Gel® over ballistic gelatine is that it can be used at room temperature whereas ballistic gelatine has to be used at 4°C or lower. It has many of the same characteristics as 10% ballistic gelatine [32, 33] . Perma-Gel® was obtained in block form (445 mm × 292 mm × 127 mm) from a third party distributor (MidwayUSA, Columbia, USA). The Perma-Gel® was cut in to small specimens to fit the mechanical clamps. Synthetic thermoplastic materials such as Perma-Gel® are stable at room temperature and can be stored for long periods of time [32] .
Microneedle Array
Dense Polymethylmethacrylate (PMMA) microneedle arrays were used for all experiments (10x technology, IL, USA), with the full specifications for these microneedles presented in Table 1 .
Dynamic nanoindentation tests
All dynamic nanoindentation experiments were carried out on gelatine gels, Perma-Gel® and fresh full thickness skin samples. During testing, the tissue was kept hydrated in PBS solution. Testing was not possible on the 96% gelatine gel due to its extremely high compliance. Nanoindentation tests were conducted using a Keysight Technologies Nanoindenter G200 (Chandler, AZ, USA) instrument with an ultra-low load dynamic contact module indentation head (DCM-II actuator). The indentations were performed at ambient temperature (24.3-27.2°C) using a 100 μm indenter tip (Synton-MDP Ltd., Nidau, Switzerland). A custom sample holder was designed in to which the gel samples were placed. The well in the sample holder was 1 cm 2 and 4 mm deep.
The DCM-II actuator was used to perform dynamic (oscillatory) indentation as per our previous studies [34, 35] . The method allows the determination of the complex shear modulus (G*), which exhibits real and imaginary components and gives the intrinsic elastic (G′) and viscous (G″) properties of the material, (Eq.(1)):
where G′ and G″ represent the shear storage modulus and shear loss modulus respectively. The theoretical basis for this method has been covered in detail elsewhere [34] .
For the experiments conducted in this study a pre-compression of 5 μm for the gelatine gels and Perma-Gel® was selected, whilst 8 μm was used for the skin samples. The indenter was vibrated at a frequency of 110 Hz (the resonant frequency of the indenter) and with an oscillation amplitude of 500 nm. The surface detection relied on a phase shift of the displacement measurement as outlined previously [34] . 10 different sites were tested on each sample. The Poisson's ratio (ν) of skin was assumed to be 0.5, based on previous studies in the literature [36] , and was used to estimate the elastic modulus (E): 
Impact tests for microneedle application
A custom dropped weight impact testing rig was used to insert the microneedles into the skin model. It was comprised of a drop tower of height 1.86 m, with a drop tower guide of height 1.78 m, a piezoelectric accelerometer with 10.71 mV/g sensitivity (Model 3225F-1, Dytran Instruments, Inc., CA, USA) and a piezoelectric force transducer with 22.4 mV/N sensitivity (Model 1022V, Dytran Instruments, Inc., CA, USA). Both the accelerometer and the transducer were connected to their respective amplifiers and to a digital oscilloscope (54641A, Keysight Technologies, Berkshire, UK) and controlled with a Keysight IntuiLink software (Version 3.1). The accelerometer was connected to the top of a custom-made 36 g drop mass, whilst the force transducer was fastened to its bottom end. Two 630-650 nm wavelength (red) with a power output b 1 mW laser diode modules (PL-Series, Hero Electronics, Dunstable, UK) were attached to two drill holes on the lower part of the drop tower guide so that a break in signal, caused when the drop mass is released, was captured by a beam detector, thus activating the external trigger on the oscilloscope. Following this, the force and acceleration outputs were captured on the oscilloscope. The rig has been described in detail previously [37] .
Prior to testing, the microneedle array was placed on the clamped skin model. The drop mass was then released from a height of 0.46 m equivalent to a nominal velocity of 3 ms −1 along the length of the drop tower guide to impact the microneedles at the bottom of the drop tower guide. This height/velocity was selected following calibration experiments which are presented in Supplementary Data (Fig.   S1 ). The drop mass was released once for each skin model i.e. abdominal and back regions with gelatine gels of differing water content (67, 80, 88 and 96%) and Perma-Gel®. 5 repeats were carried out for each model. Typical velocity-time and force-time plots are shown in Fig. 2 . The force and velocity values for each test were extracted from these plots. Due to the high impact velocity used in our experimental setup, it is difficult to precisely determine the exact moment that the microneedles penetrated through the skin. However, due to the characteristics of the plots shown in Fig. 2 , the insertion force and insertion velocity could be inferred. Calibration data with the impact test setup is presented in the Supplementary Data (Fig. S2) . The maximum values for force and velocity are presented throughout the paper. The highly elastic nature of skin is evident from the displacement-time plot shown in Fig. 2c . Once the drop mass makes contact with skin, there is around 4 mm of deformation of the model. Following this, some elastic recovery is evident. In order to account for the elastic recovery of skin and to ensure that the microneedles were fully embedded in the skin [39] , the microneedles were left in the skin for approximately 2 min prior to removal for subsequent imaging.
All impact tests were conducted at ambient temperature, which was ideal for maintaining the stability of the gels used in the models.
2.5. Imaging of microneedle penetration quality 2.5.1. Methylene blue staining 2% methylene blue solution was used to detect whether any microchannels were created in the skin following impact tests. The , the force was 37.1 N and the maximum force reached was 103 N. The data suggest that the initial insertion occurred at 0.9 ms. Hence, at this point the velocity was approximately 2.5 ms
, the force was 37.1 N and the maximum insertion velocity and force reached were 3 ms −1 and 103 N respectively. In the absence of any microneedles, a smooth force-time plot up to the maximum load would be expected for a drop mass impacting on a tissue sample [38] .
microneedle treated tissue was soaked in methylene blue solution for 30 min. The tissue was removed from the methylene blue solution and the tissue surface wiped down with ethanol so that any microchannels were detected. The staining occurs because the methylene blue dye binds itself to the proteins that exist in tissue [40] . The image of the methylene blue staining indicates successful breach of the stratum corneum and the creation of microchannels on the skin. Typically, the hydrophobic nature of the stratum corneum cannot absorb the hydrophilic low molecular weight of the methylene blue solution, however, once the stratum corneum has been disrupted by the microneedles, the methylene blue diffuses through the skin [41] . The skin samples were imaged with Nikon digital camera D5100 (Surrey, UK), as shown in Fig. 3 . Due to the size of the microneedle arrays used in this study (30.1 mm diameter) and the density of microneedles (N 6000), it was difficult to reliably quantify the penetration efficiency following methylene blue staining for the entire disc. Hence, for quantitative analysis, a central region (5 × 5 mm) was cropped for each image (Fig. 3b) and this was used for determining the penetration efficiency using a method similar to that of van der Maaden et al. [42] . In our case, penetration efficiency (PE) was calculated as follows:
where 193 represents the expected number of microneedles for a 25 mm 2 area of the sample given the 7.7 needles per mm 2 microneedle density reported by the manufacturer.
Haematoxylin and eosin staining
After impact testing, the tissue was prepared for cryosectioning by freezing in Optimal Cutting Temperature (OCT) resin (Sakura Fintek Europe B.V, Alphen aan den Rijn, The Netherlands) and then immediately frozen in super-cooled isopentane [43] . Histological evaluation using haematoxylin and eosin (H&E) staining was useful in this study for assessing the depth of the microchannels created within skin. The skin was processed by fixation in 4% paraformaldehyde followed by rehydration in a series of alcohol baths. It was subsequently stained with H&E. The stained tissue was then sectioned to 12 μm thickness using a Leica CM1850 cryostat (Milton Keynes, UK) and imaged with a Nikon Eclipse Ci microscope (Surrey, UK). Example images following H&E staining before and after hair removal treatment are shown in Fig. 4 . No adverse effects on skin histology were recorded as a result of the hair removal.
X-ray micro computed tomography (XMT) imaging
X-ray Micro Computed Tomography (XMT) is a powerful method for non-invasive imaging of soft tissue. XMT is a high resolution imaging technique that has gained wide use within the scientific community [44] . Traditionally, XMT has been predominantly used for the imaging of bone structures [45] . The challenge with XMT of soft tissue is as a result of its low inherent X-ray contrast [46, 47] . The use of contrast agents on soft tissue can overcome this limitation. XMT imaging was used to validate the measurements obtained with histological imaging on an abdominal skin model with 88% gel water content. XMT was conducted in this study to characterize the topography of the skin and also to validate the breach areas observed with H&E staining. The testing was conducted on an abdominal skin model with 67% water content.
In order to conduct XMT imaging, a staining protocol was conducted to discriminate the different histological layers of skin and enhance the contrast. This protocol is summarized here. Following impact testing, the microneedles were left embedded in the skin for 2 min before removal. The full thickness microneedle treated skin was soaked in paraformaldehyde for 4 h and then rehydrated in phosphate buffered saline (PBS) solution for 5 min. The tissue was then subsequently stained with Lugol's contrasting agent for 21 h. Following on from the staining, the sample was washed three times in water and placed in 70% ethanol for 15 min, then in 90% IMS for 15 min, followed by 15 min in 100% ethanol and then 3 xylene washes of 30 min. Finally, it was placed on the processor for wax embedding for 30 min. After wax embedding, the sample was trimmed to approximately 2 mm × 2 mm.
The skin was imaged on a Carl Zeiss Xradia MicroXCT-500 system using 4× objective, with a source voltage of 45 kV, a source current of 78 μA and a power source of 3.5 W. The sample was positioned 8 mm from the source and 45 mm from the detector.
From the XMT imaging, 1015 TIFF images were obtained using Avizo 8 imaging software (FEI™, Oregon, USA). The image stacks were opened in ImageJ using the orthogonal selection. The XY view showed the vertical cross-section of the skin through the stratum corneum, epidermis and dermis, whilst the XZ view showed the planar cross-section of the skin through the dermis. The orthogonal views are shown in Supplementary Information Fig. S3. Fig. S4 shows that the different histological layers of the skin were visible in the XMT images. Comparison of H&E and XMT images is shown in Fig. S5 .
The 3D reconstruction of the image stacks was carried out using Avizo 8 (FEI, Oregon, USA) and prior to segmentation, noise in the data was reduced by applying a non-local means filter.
Image analysis
2.5.4.1. Depth of penetration. ImageJ (Version 1.48, National Institutes of Health, MD, USA) was used to assess the perforation depth of the histology image. In ImageJ, the selection was a user-defined line within the image. The user-defined line was created using the straight line selection tool. The length of the line selections was used to measure the perforation depth in the histology image. This was done for over 30 histology images selected at random per skin model. The user-defined line was drawn from the stratum corneum to the maximum point of penetration in the skin, which was either located within the epidermis or the dermis (Supplementary Information Fig. S4 ).
Breach area.
A custom routine was written in Image SXM [48] for semi-automated analysis of the histology images to determine the breach area within the skin following microneedle application. The optical microscopy images were found to vary in contrast, brightness and colour balance and hence a histogram of pixel values was used to determine the optimum threshold in order to highlight the pixels above the epidermal layer. For images in which the epidermal layer had not been breached, it was found that combining the red and blue colour channels of the images produced the most reliable discrimination of the edge of the epidermal layer. For images in which the epidermal layer was breached, it was found that the green channel gave the most reliable discrimination. Automatic detection of a breach was not possible with the routine; hence the most appropriate mode was selected for each image. Only those images in which the epidermal layer was clearly discriminated from the rest of the image could be analysed to determine the breach area. For these images, the extent of the microneedle puncture was marked by clicking on the two points (Fig. 5a ) that delineate the puncture at the upper surface of the epidermal layer (Fig. 5b) . The area of the puncture was measured and logged (Fig. 5c) . Subsequently, the next image was loaded and displayed ready for user input. Over 200 images were analysed in this manner.
For analysis, the breach areas were grouped into three categories; 0 b breach area b 10,000 μm (Fig. 6 ).
Statistical analysis
The nanoindentation data are presented as mean ± standard deviation (SD). The penetration depth and breach area are presented as the geometric mean and geometric standard deviation (geoSD) due to the skewed nature of the distribution.
Results

Micromechanical properties of the different layers of the skin model
The micromechanical properties for the skin and gels is summarized in Table 2 . Of all the layers in the skin model, the Perma-Gel® had the highest elastic component, whilst the 88% gelatine gel concentration had the lowest elastic component. Back skin had the highest viscous component, whilst the 88% gelatine gel concentration had the lowest viscous component. Abdominal skin exhibited the highest damping capacity, whilst Perma-Gel® had the lowest damping capacity, as determined from the loss factor.
The back skin had a significantly higher elastic modulus as compared to the abdominal skin samples. However, the abdominal skin had a significantly higher loss factor as compared to the back skin, as the loss modulus (G″) dominated over the storage modulus (G′). In contrast, G′ was higher than G″ for the back skin.
With increasing water content, the elastic modulus decreased for the gelatine gels in a linear fashion as shown in Fig. 7 . G′ and G″ both decreased with increasing water content. The damping factor also decreased with increasing water content.
Force
The insertion force which was inferred from the force-time plots (Fig. 2a) did not vary with gel concentration, but was approximately 10 N higher for most of the back skin models as compared to the abdominal skin models (Fig. 8a) . Fig. 8b shows the variation of the maximum force across the different abdominal skin models. The maximum force decreased progressively with increasing water content of the subcutaneous mimic. This was found to be related to the elastic modulus of these gels (Fig. 8c) . For the back skin, the maximum force was relatively constant for all gel concentrations except for the 88% back skin model (67%-102 N; 80%-100 N; 88%-46 N; 96%-102 N). At 67%, there was no difference in the maximum force with the two different types of skin i.e. the thicker and stiffer back skin did not require a larger insertion force. The difference in the force values in the two skin models was much more pronounced at the higher water contents. Fig. 9 demonstrates that overall successful microneedle penetration occurred in all of the skin models.
Microneedle penetration as a function of water content in the skin models
The penetration efficiency results decreased with increasing water content for the abdomen skin but a similar trend was not seen with the back skin. As expected, 100% penetration efficiency was not achieved. This is likely due to the inherent topography of the skin, as characterised in 3D with the XMT imaging (Fig. 10) .
Although the methylene blue staining provided quick visual confirmation that the majority of the microneedles had successfully penetrated the stratum corneum, the H&E images were necessary to understand the penetration profile of the microneedles in each of the skin models.
Furthermore, as abdominal tissue is typically thinner than back tissue, for both tissues the microneedles appeared to fully open up the epidermis. However, in many cases the breach in the abdominal tissue travelled deeper into the skin, to the dermis, whereas the deformation within the back tissue was wider and predominantly contained within the epidermis. Qualitative assessment of the images also suggested that there was more deformation in the models with higher water content (Fig. 11) . The exception appeared to be the 88% back skin model where less deformation was visible as compared to the models with less water content.
The depth of penetration for each of the skin models is shown in Fig.  12 . For the abdominal skin (Fig. 12a) , the depth of penetration increased with gel water content but was lowest for the 96% gel. For the back skin, the depth of penetration was lower at each gel concentration relative to the abdominal skin except at 96%. Values for the 88% back skin model were much lower following the trends observed with the insertion force data and qualitative assessment of the H&E images.
The overall trends in the breach area as determined by the geometric mean are shown in Fig. 13 . The trends followed those for penetration depth (shown in Fig. 12 ).
With the abdominal skin models, over 70% of the measured perforations had an area b 10,000 μm 2 for the model with the lowest water content gel. This was also the case for the gel with the highest water content. The difference between the 67% gel model and the others was the much larger percentage of perforations N 20,000 μm 2 . These trends are shown in Fig. 14a . A similar pattern was seen with the back skin models. Although there were lower perforation areas b . Scale bar represents 100 μm. Table 2 Micromechanical properties of the different components of the skin models.
Sample G′ (kPa) ± SD G″ (kPa) ± SD E (kPa) ± SD Abdomen skin 8.2 ± 1.8 10.0 ± 1.9 24.5 ± 5.5 Back skin 15.3 ± 3.2 10.7 ± 2.7 45.9 ± 9.6 67% Gel 21.0 ± 2.1 3.8 ± 0.2 63.1 ± 6.2 80% Gel 11.5 ± 1.1 2.0 ± 0.4 34.6 ± 3.2 88% Gel 3.8 ± 0.6 0.9 ± 0.3 11.3 ± 1.6 Perma-Gel® 26.9 ± 0.9 2.7 ± 0.8 80.7 ± 2.7 Fig. 7 . Linear relationship between elastic modulus and gel water content.
10,000 μm 2 in the 80% model (40%), there was a much larger percentage of perforations N 20,000 μm 2 (Fig. 14b) .
Discussion
The subcutaneous layers play an important role in the mechanical properties of skin. In the body, subcutaneous adipose tissue contributes to skin deformation during loading and load transfer from skin to deeper layers [49] . However, the role of subcutaneous tissue on microneedle performance has largely been ignored due to inadequate in vitro skin models. Our study demonstrates that, in a representative skin model, the role of the subcutaneous layer is important for determining microneedle performance. Our study utilized impact testing to apply microneedles to the skin models in vitro. Impact testing was selected as it allows a reproducible method of microneedle application with quantification of the insertion velocity and force. We also quantified the mechanical properties of the various layers of the model and related these to the microneedle performance.
Micromechanical properties of the skin model layers
Nanoindentation allowed characterization of the different layers of the skin models and thereby comparison with values reported in the literature for subcutaneous and muscle tissue. Our measurements on Perma-Gel ® yielded a mean G′ of 29.9 ± 0.9 kPa which matches values reported in the literature for the shear modulus of muscle [50] . For subcutaneous tissue, G′ of 7.5 kPa has been reported in the literature for porcine tissue [51] . For our gelatine gels, G′ ranged from 3.8-21 kPa. These are also comparable given the much higher frequency that our testing was carried out at (110 Hz as compared to approximately 1.6 Hz in the rheology study by Geerligs et al. [51] ). The micromechanical tests on three concentrations of gelatine gels showed that the elastic modulus decreased in a linear fashion with increasing fluid content in the gelatine gels matching trends reported by Mridha et al. [52, 53] . By varying the properties of these gels, the role of the mechanical properties of subcutaneous tissue on microneedle performance could be investigated.
The relative difference in the elastic modulus between abdominal and back skin was consistent with published data [54] . The storage modulus (elastic properties) was greater than the loss modulus (viscous properties) for both abdominal and back skin. This trends fits a previous study with nanoindentation on murine skin [55] .
Elastic modulus values reported by Zak et al. [54] for porcine foetal skin using tensile testing were between 100 and 200 times greater than results obtained in our study with dynamic nanoindentation. Our data better matches in vivo data, for example as reported by Groves [56] and Zahouani et al. [57] . The disparity in mechanical property data reported for various biomechanical studies in the literature highlights complexities due to different tissue types and testing methodologies. Furthermore, Crichton et al. [15] have demonstrated that there is size effect in the micromechanical properties of skin, with the elastic modulus increasing with a decrease in the size of the indenter probe.
A range of different skin types have been used in the literature for microneedle tests in vitro including murine skin, which it has been suggested behaves similar to human skin for microneedle penetration studies [23] . However, the biomechanical behaviour of ex vivo murine skin and human skin is quite different. Under low loads human skin undergoes more extension than murine skin. Also, murine skin is thinner than human skin [58] , with a significantly thinner epidermal layer [59]. Hence, these issues need to be taken into account when developing a biomechanically representative model of human skin [60] .
In our model, we used neonatal porcine skin which exhibits biomechanical properties similar to human skin [28, 61] . By selecting skin from two anatomical locations, we were able to vary the skin thickness (≈0.79 mm vs ≈2.43 mm thick in the abdomen and back respectively) in the models and also the skin stiffness. The thicker back skin was approximately twice as stiff ( Table 2 ). The elastic (G′) and viscous component (G″) were both lower for abdominal skin compared to back skin. The depth of penetration was typically lower in the back skin relative to the abdominal skin.
All of our tests were conducted on full thickness skin specimens. The importance of utilising full thickness skin samples for mechanical characterisation was highlighted by Zahouani et al. [57] who showed that the dermis makes a significant contribution to skin because of its load bearing capabilities. Furthermore, it is easier to penetrate the human epidermis without the dermal layer [59] , hence tests on isolated layers of skin are not representative of in vivo conditions for microneedle studies.
Penetration efficiency
Both the methylene blue staining and H&E images show that with the dense arrays used in this study, 100% penetration is not observed.
Our findings are in line with those of other researchers who have used less dense arrays [42] . The penetration efficiency determined from methylene blue staining varied from 43 to 93% for the regions analysed. Hence, the expected frequency of microneedle breaches i.e. with clearly visible breaches every 360 μm were not seen in the H&E images. This is likely to be due to the substantial surface topography of skin (as highlighted by the XMT imaging, Fig. 10 ). Also, there may be unavoidable issues due to the required tissue sectioning and also due to the sectioning process.
The role of the subcutaneous mimic on microneedle performance
The insertion force (as presented in Fig. 8a) , is likely to be the point at which the force exerted on the needles causes piercing of the skin, as described by Olatunji et al. [22] . The value of this force was higher for the stiffer back skin but was not overly influenced by the subcutaneous mimic properties in any of the models. However, when examining the maximum force, it was clear that the subcutaneous layer played an important role in microneedle performance for the abdominal skin models. The maximum force measured by the load cell decreased by approximately 37% from the 67% to the 96% model. Although the penetration efficiency decreased slightly with gel water content, the average depth size and area of breach increased with gel water content. However, with the 96% gel there appeared to be a reduction in these parameters. Although these data suggest that the high compliance of the subcutaneous mimic in this model appears to result in a poorer interaction of the skin with the microneedle array, the histogram data (Fig. 14a) shows that the distribution of small (b10,000 μm) and large breach areas (N 20,000 μm) is comparable to the 80% and 88% gels. For the back skin, the maximum force did not decrease as found in the abdominal skin with increasing compliance of the subcutaneous mimic. This is related to the stiffness and thickness of the back skin. The overall trends in depth of microneedle penetration and breach area matched those found in the abdominal skin. The main difference was the average data reported for the 88% model. However, the histogram data for this model (Fig. 14b) also demonstrates that the overall trends are relatively consistent in terms of microneedle performance as compared to gel water content. Some of the disparities may be related to the inherent issues with histological assessment of the microneedle penetration. The disadvantages of histology are that only a small portion of the tissue can be sectioned, which means that useful information is lost with the tissue that is discarded. Furthermore, it involves time-consuming fixing, sectioning and staining steps. Coulman et al. demonstrated that histological measurements of microneedle penetration lead to an overestimation [62, 63] . This error is also compounded by the introduction of slight inaccuracies due to skin retraction caused by the removal of the microneedles before staining [64, 65] . Despite these limitations, using histology for the light microscopic assessment of skin biopsies is still regarded as the benchmark in dermatology [66, 67] . We have attempted to improve on conventional methods of measurement from histological images with our custom image analysis routine. Furthermore, we compared the breach areas determined with H&E staining with XMT images. Although the maximum sample size for the high resolution XMT setup we utilized was 2 × 2 mm, a full 3D dataset was obtained for this volume of tissue. A comparison of 2D XMT slices with the H&E images is shown in the Supplementary Information (Fig. S5) . The breach profiles observed with the two techniques appear comparable hence providing validation of the measurements from the H&E images. Further development of the staining and image segmentation methods for soft tissue XMT may make this a powerful technique for microneedle research.
Conclusions
In summary, our study demonstrated that the mechanical characteristics of our representative in vitro skin model influenced microneedle performance. We found that by manipulating the fluid content of the subcutaneous layer mimic, the quality of microneedle penetration could be altered. Our findings highlight the importance of conducting in vitro experimentation with more representative skin models and careful consideration of the role of subcutaneous layers on microneedle performance. Our findings have important implications for microneedle application in patients where there is significant change in the compliance of subcutaneous tissue, for example, due to oedema.
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